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A b s t r a c t  
W e  r e v i e w  r e c e n t  p r o g r e s s  i n  t h e  s t u d y  o f  l o w - e n e r g y  c o l l i s i o n s  b e t w e e n  e l e c t r o n s  a n d  p o l y a t o m i c  
m o l e c u l e s  w h i c h  h a s  r e s u l t e d  f r o m  t h e  a p p l i c a t i o n  o f  d i s t r i b u t e d - m e m o r y  p a r a l l e l  c o m p u t i n g  
t o  t h i s  c h a l l e n g i n g  p r o b l e m .  R e c e n t  s t u d i e s  o f  e l e c t r o n i c a l l y  e l a s t i c  a n d  i n e l a s t i c  s c a t t e r i n g  
f r o m  s e v e r a l  m o l e c u l a r  s y s t e m s ,  i n c l u d i n g  e t h e n e ,  p r o p e n e ,  c y c l o p r o p a n e ,  a n d  d i s i l a n e ,  a r e  
p r e s e n t e d .  W e  a l s o  d i s c u s s  t h e  p o t e n t i a l  o f  a b  i n i t i o  m e t h o d s  c o m b i n e d  w i t h  c o s t - e f f e c t i v e  
p a r a l l e l  c o m p u t a t i o n  t o  p r o v i d e  c r i t i c a l  d a t a  f o r  t h e  m o d e l i n g  o f  m a t e r i a l s - p r o c e s s i n g  p l a s m a s .  
1 .  I n t r o d u c t i o n  
S i g n i f i c a n t  p r o g r e s s  h a s  b e e n  m a d e  d u r i n g  t h e  l a s t  s e v e r a l  y e a r s  i n  t h e  a b  i n i t i o  
s t u d y  o f  l o w - e n e r g y  e l e c t r o n - m o l e c u l e  c o l l i s i o n  p r o c e s s e s .  T h e r e  h a v e  b e e n  b o t h  
d e v e l o p m e n t s  i n  m e t h o d o l o g y  ( e . g . ,  C o l l i n s  a n d  S c h n e i d e r  1 9 8 8 ;  M c C u r d y  e t  a l .  
1 9 8 7 ;  M c N a u g h t e n  a n d  T h o m p s o n  1 9 8 8 )  a n d  d e v e l o p m e n t s  i n  t h e  a p p l i c a t i o n  o f  
e x i s t i n g  m e t h o d s .  O n e  o f  t h e  m o s t  p r o m i s i n g  o f  t h e  l a t t e r  i s  t h e  r i s e  o f  d i s t r i b u t e d -
m e m o r y  p a r a l l e l  c o m p u t e r s  ( F o x  e t  a l .  1 9 8 8 )  a s  a  t o o l  f o r  t h e  t h e o r e t i c a l  s t u d y  o f  
p r o b l e m s  i n  m o l e c u l a r  p h y s i c s  ( s e e  e . g .  W u  e t  a l .  1 9 9 0 ;  C o l v i n  e t  a l .  1 9 8 9 ) .  W e  
h a v e  r e c e n t l y  b e e n  e n g a g e d  i n  i m p l e m e n t i n g  t h e  S c h w i n g e r  m u l t i c h a n n e l  ( S M C )  
m e t h o d  f o r  e l e c t r o n - m o l e c u l e  c o l l i s i o n s  ( T a k a t s u k a  a n d  M c K o y  1 9 8 1 ,  1 9 8 4 )  o n  
s e v e r a l  d i s t r i b u t e d - m e m o r y  m a c h i n e s  ( H i p e s  e t  a l .  1 9 9 0 ,  1 9 9 2 ) ,  a n d  i n  a p p l y i n g  
t h a t  i m p l e m e n t a t i o n  t o  t h e  s t u d y  o f  a  n u m b e r  o f  i n t e r e s t i n g  c o l l i s i o n  p r o c e s s e s  
( W i n s t e a d  e t  a l .  1 9 9 1 ,  1 9 9 2 ;  S u n  e t  a l .  1 9 9 2 ) .  H e r e  w e  w i s h  t o  d e s c r i b e  b o t h  
t h e  S M C  m e t h o d  i n  i t s  p a r a l l e l  i m p l e m e n t a t i o n  a n d  s o m e  i l l u s t r a t i v e  r e s u l t s  o f  
r e c e n t  a p p l i c a t i o n s .  
T h e  o b j e c t i v e  o f  t h i s  o n g o i n g  r e s e a r c h  i s  t h e  d e v e l o p m e n t  o f  a  t h e o r e t i c a l  
a p p r o a c h  w h i c h  w i l l  m a k e  p r a c t i c a l  e x t e n s i v e  s t u d i e s  o f  c o l l i s i o n s  b e t w e e n  e l e c t r o n s  
a n d  s m a l l  p o l y a t o m i c  m o l e c u l e s .  W e  a r e  p a r t i c u l a r l y  i n t e r e s t e d  i n  s p e c i e s  s u c h  
a s  S i H
4
,  S i 2 H 6 ,  C C 4  a n d  C
2
F  4 ,  w h o s e  c o l l i s i o n  c r o s s  s e c t i o n s  a r e  n e e d e d  t o  
m o d e l  l o w - t e m p e r a t u r e  p l a s m a s  u s e d  i n d u s t r i a l l y  i n  s e m i c o n d u c t o r  m a n u f a c t u r i n g  
( s e e  e . g .  M a n o s  a n d  F l a m m  1 9 8 9 ) ,  a n d  w e  a r e  a l s o  i n t e r e s t e d  i n  v a r i o u s  
h y d r o c a r b o n  s p e c i e s  u s e d  i n  p l a s m a - a s s i s t e d  c h e m i c a l  v a p o u r  d e p o s i t i o n  a n d  
p l a s m a  p o l y m e r i s a t i o n  ( J T I S  1 9 8 8 ) .  I n  s u c h  l o w - t e m p e r a t u r e  p l a s m a s ,  c o l l i s i o n s  
*  P a p e r  p r e s e n t e d  a t  t h e  J o i n t  S y m p o s i u m  o n  E l e c t r o n  a n d  I o n  S w a r m s  a n d  L o w  E n e r g y  
S c a t t e r i n g ,  h e l d  a t  B o n d  U n i v e r s i t y ,  Q u e e n s l a n d ,  1 8 - 2 0  J u l y  1 9 9 1 .  
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between 'hot' electrons, with energies of the order of tens of eV (1 eV ~ 12000 K), 
and molecules, with thermal energies of the order of several hundred K, generate 
reactive fragments which can lead to chemical modification of surfaces, without 
the need for destructively high temperatures. Optimisation of the plasma's 
operating parameters is crucial, yet at present most optimisation must be done 
by trial. and error, because the great complexity of the plasma as a physical 
system makes it difficult to relate desired properties to the operating conditions. 
Numerical modeling of such plasmas-a significant computational challenge in 
itself-holds promise for providing an understanding of plasma behaviour based 
on microscopic processes (IEEE 1991), but successful modeling depends on the 
existence of a database of collision cross sections for the important species that 
are present in actual applications. Since the relevant experimental data are in 
most cases fragmentary or nonexistent, and since many interesting species are 
highly reactive and indeed hazardous gases, difficult to study experimentally, 
there is a clear role for theory to play. 
To reach our goal of establishing computation as a primary source of data for 
collisional plasma modeling requires both efficient theoretical methods and the use 
of the most cost-effective high-performance computers available. In the following 
we will describe the SMC method, with particular reference to those features 
which make it well suited for an implementation on distributed-memory parallel 
supercomputers, a class of machine which provides high absolute performance yet 
does so at very reasonable cost in comparison with conventional supercomputers. 
We will also describe aspects of the organisation of SMC calculations for concurrent 
execution. The remainder of the paper is devoted to presentation and discussion 
of a representative selection of recent results. 
2. Method and Implementation 
The Schwinger multichannel method is an extension of the variational principle 
for scattering problems introduced by Schwinger (1947). It preserves several 
desirable characteristics of the original principle-specifically, freedom from the 
requirement that basis functions satisfy scattering boundary conditions and rapid 
convergence-while possessing features desirable in electron-molecule scattering 
applications. Most important of these is the use of a projected Green's function 
(Takatsuka and McKoy 1981, 1984) whose representation does not require the (in 
general unknown) continuum states of the target molecule. Physical effects such as 
polarisation of the target and electron exchange that are important in low-energy 
scattering may be incorporated in a natural way, and electronically inelastic as 
well as elastic scattering may be considered. The method has been implemented 
in such a way that molecules of arbitrary geometry can be treated, and all matrix 
elements necessary to evaluate the variational expression are obtained in closed 
form, with the exception of those involving the Green's function. The latter are 
evaluated accurately via numerical quadrature (Lima et al. 1990). We return to 
these points below. 
To see how the SMC formulation arises, we write the Hamiltonian for the 
(N + I)-electron system (target plus scattering electron) as 
H = (HN + TN+!) + V = Ho + V, (1) 
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w h e r e  H N  i s  t h e  H a m i l t o n i a n  o f  t h e  t a r g e t ,  T N + !  t h e  k i n e t i c - e n e r g y  o p e r a t o r  f o r  
t h e  s c a t t e r i n g  e l e c t r o n ,  a n d  V  t h e  t a r g e t - s c a t t e r e r  i n t e r a c t i o n .  B a s e d  o n  ( 1 )  w e  
c a n  w r i t e  a  L i p p m a n n - S c h w i n g e r  e q u a t i o n  f o r  t h e  ( N  +  I ) - e l e c t r o n  e i g e n s t a t e s  
w~): 
w ( ± )  =  S  +  d ± )  V W ( ± )  
m  m O m '  
( 2 )  
w i t h  
8
m  
=  < P m ( T I ,  T 2 ,  . . .  ,  T N )  e x p ( i k .  T N + ! )  
( 3 )  
b e i n g  t h e  i n t e r a c t i o n - f r e e  s o l u t i o n ,  i . e . ,  t h e  e i g e n s t a t e  o f  H o ,  a n d  G~±) t h e  
c o r r e s p o n d i n g  G r e e n ' s  f u n c t i o n ;  i n  ( 3 )  t h e  s t a t e  < P m  i s  t h e  t a r g e t  s t a t e  f o r  c h a n n e l  
m ,  
H N < P m  =  E m < p m .  
( 4 )  
S i n c e  w~) i s  f u l l y  a n t i s y m m e t r i c  a n d  8
m  
i s  n o t ,  i t  i s  c l e a r  f r o m  ( 2 )  t h a t  
c o n t i n u u m  s t a t e s  o f  t h e  t a r g e t  a r e  r e q u i r e d  i n  t h e  r e p r e s e n t a t i o n  o f  G o ,  a s  
h a s  b e e n  e m p h a s i s e d  b y  G e l t m a n  ( 1 9 6 9 ) .  T h i s  i s  a  s e r i o u s  d i f f i c u l t y  s i n c e  t h e  
c o n t i n u u m  s t a t e s  o f  t h e  N - e l e c t r o n  t a r g e t  w i l l  i n  g e n e r a l  b e  n o  b e t t e r  k n o w n  
t h a n  t h e  ( N  +  I ) - e l e c t r o n  f u n c t i o n s  w~). T o  r e m o v e  t h i s  o b s t a c l e ,  w e  i n t r o d u c e  
a  p r o j e c t i o n  o p e r a t o r - P  w h i c h  s e l e c t s  o n l y  o p e n  c h a n n e l s  ( a s s u m e d  t o  e x c l u d e  
i o n i s a t i o n  c h a n n e l s ) ,  
P  =  L  l < p e ( T I '  T 2 ,  . . .  ,  T N ) )  ( < P e ( T I ,  T 2 ,  . • .  ,  T N ) I  ,  
( 5 )  
l w p e n  
a n d  a p p l y  t h i s  p r o j e c t o r  t o  t h e  L i p p m a n n - S c h w i n g e r  e q u a t i o n  ( 2 ) :  
P w ( ± )  =  8  +  d ± ) w ( ± )  
m  m  P m ·  
( 6 )  
T h e  c o m p l e m e n t a r y  p o r t i o n  o f  w~), i . e .  ( 1  - aP)w~) f o r  a  a  c o n s t a n t  ( t o  b e  
f i x e d  l a t e r ) ,  m a y  b e  r e c o v e r e d  b y  r e q u i r i n g  ( L i m a  a n d  M c K o y  1 9 8 8 )  t h a t  t h e  
t w o  c o m p o n e n t s  o f  w~) t o g e t h e r  s a t i s f y  S c h r o d i n g e r ' s  e q u a t i o n :  
( E  - H ) {  aPw~) +  ( 1  - aP)w~)} =  o .  
( 7 )  
S u b s t i t u t i o n  o f  t h e  p r o j e c t e d  L i p p m a n n - S c h w i n g e r  e q u a t i o n  ( 6 )  f o r  pw~) a n d  
s o m e  s t r a i g h t f o r w a r d  r e a r r a n g e m e n t  l e a d s  t o  




( 8 )  
w i t h  A  ( ± )  g i v e n  b y  
A ( ± )  - ! ( P V  +  V P )  - v d ± ) v  - ! ( p f I  + f I p )  +  I f I  
- 2  P  2  a  '  
( 9 )  
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where if = E - H. A variational functional for the scattering amplitude fmn 
may now be based on (8): 
fmn = - 2~ ((SmlVlw~+)) + (wt)IVISn) - (wt)IA(+)lw~+))), (10) 
provided that the condition 
A(-)t = A(+) (11) 
is satisfied, which in turn requires a = N + 1 (Takatsuka and McKoy 1981, 1984). 
With this value of a, it also becomes possible to employ a purely £2 expansion 
of the wave function, greatly facilitating numerical studies. 
In actual applications, the scattering wave function is typically expanded 
in a set of (N + I)-electron spin-adapted Slater determinants of one-electron 
functions. For numerical convenience, the one-electron functions are chosen to 
be combinations of the Cartesian Gaussian orbitals commonly used in electronic 
structure studies. With this choice, all matrix elements needed to construct 
the variational functional are obtainable in closed form, except those involving 
the Green's function. These VG~+)V matrix elements are evaluated instead 
through a numerical quadrature in the momentum variable occurring in the 
spectral representation of the Green's function (Lima et al. 1990). The choice of 
(N + 1 )-electron functions determines the type of calculation being undertaken. 
For example, elastic scattering within the static-exchange approximation requires 
only determinants arising from the addition of one orbital to the N-electron 
ground state configuration. To include polarisation, configurations which are 
single excitations from the ground state plus an additional orbital would be 
included in the expansion of w~) but omitted from the projector P, thereby 
introducing the effect of closed excitation channels. Electronic excitation is 
treated by designating certain excitations as open channels and including the 
appropriate configurations in P as well as in the expansion of the wave function. 
The SMC formulation described above has been successfully applied to a number 
of diatomic and small polyatomic targets in the past several years (see e.g. Lima et 
al. 1988; Pritchard et al. 1990; Winstead and McKoy 1990). However, the species 
of interest in plasma-processing applications are typically polyatomic molecules 
containing several heavy (i.e. non-hydrogen) atoms, and accurate calculations 
for these larger species can be quite 'compute-intensive'. For this reason, we 
were led to consider implementing the method on distributed-memory parallel 
computers, which provide performance matching or exceeding that of conventional 
supercomputers in a cost-effective fashion. 
While there is much variation in the architecture of parallel computers, the 
machines with which we have experience share the same general characteristics. 
Each consists of a large number of microprocessor-based computing elements, 
or nodes. These nodes operate autonomously; at any given moment they may 
or may not be executing the same instructions. Such a machine is referred to 
as a multiple-instruction-stream, multiple-dat a-stream , or MIMD, computer. (In 
contrast, another important category, which includes the well-known Connection 
Machine, is single-instruction, multiple-data, or SIMD, in which all processors 
execute the same instructions in lock-step.) The term 'distributed-memory' refers 
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t o  t h e  f a c t  t h a t  e a c h  n o d e  h a s  a c c e s s  o n l y  t o  i t s  o w n  l o c a l  s t o r a g e ;  d a t a  r e s i d i n g  
o n  o n e  n o d e  t h a t  a r e  n e e d e d  o n  a n o t h e r  m u s t  b e  e x p l i c i t l y  c o m m u n i c a t e d .  T h i s  
c o m m u n i c a t i o n  t a k e s  p l a c e  o v e r  a  n e t w o r k  o f  c h a n n e l s  t y p i c a l l y  o f  h y p e r c u b e  o r  
m e s h  t o p o l o g y .  T h e  h i g h  p e r f o r m a n c e  o f  s u c h  a  m a c h i n e  a r i s e s  f r o m  t h e  d i v i s i o n  
o f  l a b o u r  a m o n g  m a n y  r e l a t i v e l y  s l o w ,  i n e x p e n s i v e  m i c r o p r o c e s s o r s  w h i c h  c a n  b e  
a d e q u a t e l y  s u p p o r t e d  b y  r e l a t i v e l y  s l o w  m e m o r y .  I n  c o n t r a s t ,  t h e  h i g h  p e r f o r m a n c e  
o f  c o n v e n t i o n a l  s u p e r c o m p u t e r s  i s  a c h i e v e d  t h r o u g h  t h e  u s e  o f  a  f e w  e x t r e m e l y  
f a s t  c e n t r a l  p r o c e s s o r s  s h a r i n g  a  c o m m o n  f a s t  m e m o r y .  A s i d e  f r o m  t h e  u l t i m a t e  
t e c h n o l o g i c a l  l i m i t a t i o n s  ( d u e ,  f o r  i n s t a n c e ,  t o  t h e  f i n i t e  s p e e d  o f  l i g h t )  u p o n  
t h e  c o n v e n t i o n a l  a p p r o a c h ,  i t s  r e l i a n c e  o n  ' s t a t e - o f - t h e - a r t '  c o m p o n e n t s  p l a c e s  
i t  a t  a  s i g n i f i c a n t  c o s t  d i s a d v a n t a g e ,  w h i c h  i s  l i k e l y  t o  g r o w  a s  m i c r o p r o c e s s o r  
t e c h n o l o g y  a d v a n c e s .  
I t  i s  n o t  d i f f i c u l t  t o  s e e  t h a t  t h e  S M C  m e t h o d  i s  s u i t a b l e  f o r  i m p l e m e n t a t i o n  
o n  d i s t r i b u t e d - m e m o r y  M I M D  m u l t i p r o c e s s o r s .  T h e  c o m p u t a t i o n a l l y  i n t e n s i v e  
s t e p  i n  t h e  m e t h o d  i s  e v a l u a t i o n  o f  l a r g e  n u m b e r s  o f  t w o - e l e c t r o n  i n t e g r a l s  
(a,Bj~jl'k) =  J  J  d 3 r l d 3 r 2 a ( r l ) , B ( r l )  I  1  I I ' ( r 2 )  e x p ( i k .  r 2 ) ,  ( 1 2 )  
~ ~-~ 
w h e r e  a ,  , B  a n d  l '  a r e  C a r t e s i a n  G a u s s i a n  f u n c t i o n s .  T h e s e  i n t e g r a l s ,  w h i c h  a r i s e  
b o t h  i n  t h e  t e r m s  (SmJVjw~+) a n d  ( W } ; ) j V j S n )  o f  e q u a t i o n  ( 1 0 )  a n d  i n  t h e  
n u m e r i c a l  q u a d r a t u r e  e v a l u a t i o n  o f  t h e  G r e e n ' s  f u n c t i o n  t e r m ,  a r e  n e e d e d  f o r  a l l  
u n i q u e  c o m b i n a t i o n s  o f  C a r t e s i a n  G a u s s i a n s  a n d  f o r  a  w i d e  r a n g e  o f  d i r e c t i o n s  
a n d  m a g n i t u d e s  o f  k .  S i n c e  t h e  i n t e g r a l s  c a n  b e  e v a l u a t e d  i n d e p e n d e n t l y ,  a  
n a t u r a l  s t r a t e g y  f o r  p a r a l l e l i s i n g  t h i s  k e y  s t e p  i s  t o  a s s i g n  e a c h  p r o c e s s o r  t h e  
t a s k  o f  c o m p u t i n g  a  d i f f e r e n t  s u b s e t  o f  t h e  i n t e g r a l s .  T h u s ,  w e  l o a d  o n  e a c h  
n o d e  a  c o p y  o f  t h e  i n t e g r a l - e v a l u a t i o n  s u b r o u t i n e s  ( a p p r o x i m a t e l y  2 0 0 0  l i n e s  
o f  F O R T R A N )  a n d  p r o c e e d  t o  a c c u m u l a t e  a  s u b s e t  o f  t h e  i n t e g r a l s  i n  e a c h  
n o d e ' s  m e m o r y .  I n t e g r a l s  i n v o l v i n g  d i f f e r e n t  t y p e s  o f  C a r t e s i a n  G a u s s i a n s  w i l l  
t a k e  v a r y i n g  a m o u n t s  o f  t i m e  t o  c o m p u t e ,  a n d  d i f f e r e n t  s t e p s  w i l l  b e  f o l l o w e d  
i n  c o m p u t i n g  t h e m ;  h e r e  a  M I M D ,  r a t h e r  t h a n  S I M D ,  a r c h i t e c t u r e  i s  c l e a r l y  
p r e f e r a b l e .  L o a d  b a l a n c e  i s  a c h i e v e d  s t a t i s t i c a l l y :  t h e  n u m b e r  o f  i n t e g r a l s  i n  
a n y  g i v e n  b a t c h  v a s t l y  e x c e e d s  t h e  n u m b e r  o f  n o d e s ,  s o  d i f f e r e n c e s  i n  i n t e g r a l  
c o m p u t a t i o n  t i m e  t e n d  t o  a v e r a g e  o u t  i f  t h e  i n t e g r a l s  a r e  d i v i d e d  e q u a l l y  a n d  
e s s e n t i a l l y  r a n d o m l y  a m o n g  t h e  n o d e s .  
T o  b e  u s e f u l ,  t h e  o n e - a n d  t w o - e l e c t r o n  i n t e g r a l s  m u s t  b e  t r a n s f o r m e d  i n t o  
a p p r o p r i a t e  c o m b i n a t i o n s  t o  y i e l d  t h e  m a t r i x  e l e m e n t s  o c c u r r i n g  i n  ( 1 0 ) .  T h i s  
t r a n s f o r m a t i o n ,  w h i c h  n e c e s s a r i l y  i n v o l v e s  c o m m u n i c a t i o n  a m o n g  t h e  n o d e s ,  i s  
e f f i c i e n t l y  a n d  c o m p a c t l y  c o d e d  i n  t h e  f o r m  o f  a  d i s t r i b u t e d  m a t r i x  m u l t i p l i c a t i o n .  
A  s i m i l a r  s t r a t e g y  i s  i n v o k e d  t o  p e r f o r m  c e r t a i n  n u m e r i c a l  i n t e g r a t i o n s  w h i c h  
l i k e w i s e  r e q u i r e  i n t e r p r o c e s s o r  c o m m u n i c a t i o n .  T h e  s i m p l i c i t y  o f  t h i s  c o m m u n i c a t i o n  
s t r a t e g y  h a s  t h e  a d d e d  b e n e f i t  o f  e n h a n c i n g  t h e  p o r t a b i l i t y  o f  t h e  p r o g r a m  t o  
n e w  a r c h i t e c t u r e s .  R e m a i n i n g  s t e p s  o f  t h e  c a l c u l a t i o n  a r e  q u i t e  s t r a i g h t f o r w a r d ,  
w i t h  a d d i t i o n a l  c o m m u n i c a t i o n  r e q u i r e d  o n l y  i n  t h e  f i n a l  s t a g e ,  w h e r e  a  s e t  o f  
l i n e a r  e q u a t i o n s  i s  s o l v e d  w i t h  a  d i s t r i b u t e d  L U - f a c t o r i s a t i o n  s c h e m e  ( H i p e s  1 9 8 9 )  
a n d  t h e  s o l u t i o n  u s e d  t o  g e n e r a t e  t h e  s c a t t e r i n g  a m p l i t u d e .  
A t  p r e s e n t  o u r  d i s t r i b u t e d - m e m o r y  S M C  p r o g r a m  r u n s  o n  t h r e e  t y p e s  o f  
c o m p u t e r s .  I t  w a s  o r i g i n a l l y  w r i t t e n  f o r  t h e  M a r k  I l I f p  d e v e l o p e d  a t  t h e  J e t  
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Propulsion Laboratory, a hypercube-connected computer with up to 128 nodes, 
each with a 64-bit peak speed of approximately 14 MFlop (14 X 106 floating-point 
operations/second) and 4 Mbyte of memory. We have since ported the program 
to the Intel Touchstone GAMMA and DELTA architectures, which are both 
based on the 60-MFlop i860 microprocessor. The GAMMA, commercialised as 
the iPSC /860, is also a hypercube, with up to 128 nodes; the machine at Caltech 
has 64 nodes, each with 16 Mbyte memory. The DELTA, a unique prototype 
machine recently delivered to the Concurrent Supercomputing Consortium led by 
Caltech, is a mesh-connected multiprocessor with 520 i860 processing elements (of 
which up to 512 can be allocated to a single job), each having 16 Mbyte memory. 
We are still engaged. in optimisation of the program for the Intel computers; 
performance on the DELTA is approximately 1 GFlop at present, inclusive of all 
overhead. We anticipate that this figure will improve substantially with further 







c:;- o/ ..... E 35 o / " 0 0 0 
CD II. 0 " 0 
'I .. " 
0 
-i- • 0 "- 0 ~ 
30 • "- 0 c: 












I I I I I I 
5 10 15 20 25 30 35 40 
Electron energy (eV) 
Fig. 1. Calculated integral cross sections for elastic scattering of electrons by cyclopropane 
(solid curve) and propene (dashed curve). Experimental total cross sections (circles, Floeder et 
at. 1985; squares, Nishimura and Tawara 1991) are also shown, with filled symbols representing 
cyclopropane and open symbols propene data. 
3. Selected Results 
In this section we present a few results of recent calculations (Sun et al. 
1992; Winstead et al. 1991, 1992) which illustrate the types of problems and 
applications in which we are interested. Where possible we show experimental 
data to allow for comparison. 
Fig. 1 shows integral elastic cross sections for the C3H6 isomers cyclopropane 
and propene (Winstead et al. 1992). These were calculated within the fixed-nuclei 
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s t a t i c - e x c h a n g e  a p p r o x i m a t i o n  a s  o n e  o f  t h e  i n i t i a l  a p p l i c a t i o n s  o f  o u r  p r o g r a m  
o n  t h e  D E L T A .  S i n c e  t h e  c a l c u l a t i o n  o m i t s  p o l a r i s a t i o n  e f f e c t s ,  w e  d o  n o t  
e x p e c t  q u a n t i t a t i v e  r e s u l t s  a t  t h e  l o w e r  e n e r g i e s ,  w h e r e  t h o s e  e f f e c t s  a r e  m o s t  
i m p o r t a n t ;  f u r t h e r ,  m a x i m a  i n  t h e  c r o s s  s e c t i o n  w i l l  g e n e r a l l y  b e  s h i f t e d  b y  
a p p r o x i m a t e l y  1 - 3  e V  t o  h i g h e r  e n e r g y  a n d  s o m e w h a t  b r o a d e n e d .  W h e n  t h e s e  
l i m i t a t i o n s  a r e  b o r n e  i n  m i n d  s u c h  c a l c u l a t i o n s  m a y  n e v e r t h e l e s s  b e  q u i t e  
u s e f u l .  
T o  o u r  k n o w l e d g e  t h e r e  e x i s t  n o  e x p e r i m e n t a l  o r  o t h e r  t h e o r e t i c a l  d a t a  o n  e l a s t i c  
s c a t t e r i n g  b y  t h e s e  m o l e c u l e s ;  h o w e v e r ,  m e a s u r e m e n t s  o f  t h e  t o t a l  s c a t t e r i n g  c r o s s  
s e c t i o n  h a v e  b e e n  r e p o r t e d  ( F l o e d e r  e t  a l .  1 9 8 5 ;  N i s h i m u r a  a n d  T a w a r a  1 9 9 1 ) ,  
a n d  w e  s h o w  t h e s e  i n  F i g .  1 .  A t  t h e  h i g h e r  e n e r g i e s  t h e  m e a s u r e m e n t s  m a y  
i n c l u d e  s u b s t a n t i a l  c o n t r i b u t i o n s  f r o m  e l e c t r o n i c a l l y  i n e l a s t i c  s c a t t e r i n g  p r o c e s s e s ,  
b u t  a t  l o w e r  e n e r g i e s  e l a s t i c  s c a t t e r i n g  w i l l  p r e d o m i n a t e .  A s  m a y  b e  s e e n ,  o v e r a l l  
a g r e e m e n t  b e t w e e n  e x p e r i m e n t  a n d  t h e o r y  i s  r e a s o n a b l e  o u t  t o  a p p r o x i m a t e l y  2 0  
e V .  T h e  c a l c u l a t i o n  i n d i c a t e s  a  f a i r l y  p r o n o u n c e d  i s o m e r  e f f e c t  n e a r  t h e  c r o s s  
s e c t i o n  m a x i m u m ,  i n  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t  o f  N i s h i m u r a  a n d  T a w a r a ,  
a n d  s u g g e s t s  t h a t  t h e  p r o p e n e  c r o s s  s e c t i o n  m a y  b e  u n d e r e s t i m a t e d  b y  F l o e d e r  e t  
a l . ,  p a r t i c u l a r l y  w h e n  a l l o w a n c e s  a r e  m a d e  f o r  t h e  e f f e c t s  o f  o m i t t i n g  p o l a r i s a t i o n  
t h a t  w e r e  m e n t i o n e d  a b o v e .  
A n  i n t e r e s t i n g  f e a t u r e  o f  t h e  s c a t t e r i n g  f r o m  c y c l o p r o p a n e  t h a t  i s  n o t  r e a d i l y  
a p p a r e n t  f r o m  F i g .  1  i s  t h e  p r e s e n c e  o f  a  s h a p e  r e s o n a n c e ,  p l a c e d  b y  t h e  
c a l c u l a t i o n  a t  a b o u t  8 · 5  e  V  a n d  t h u s  l i k e l y  t o  b e  f o u n d  n e a r  6  e  V  i n  a c t u a l i t y .  
A  p a r t i a l - w a v e  a n a l y s i s  s h o w s  t h a t  t h i s  r e s o n a n c e  a p p e a r s  i n  A~ s y m m e t r y ,  
a n d  i t  c a n  b e  a s s o c i a t e d  w i t h  a  v i r t u a l  v a l e n c e  o r b i t a l  w h i c h  i s  a  c o m p l e t e l y  
o u t - o f - p h a s e  c o m b i n a t i o n  o f  c a r b o n  2 p  o r b i t a l s .  I t  i s  r e l a t e d  t o  t h e  w e l l - k n o w n  
7 [ *  s h a p e  r e s o n a n c e  o f  a l k e n e s  ( e . g .  J o r d a n  a n d  B u r r o w  1 9 8 0 )  b u t  c o n t a i n s  a  
s i g n i f i c a n t  a d m i x t u r e  o f  ( J " *  c h a r a c t e r ,  a c c o u n t i n g  f o r  i t s  u n u s u a l l y  h i g h  e n e r g y .  
I n  F i g .  1 ,  t h i s  r e s o n a n c e  a c c o u n t s  f o r  t h e  r a p i d  r i s e  o n  t h e  l o w - e n e r g y  s i d e  o f  t h e  
b r o a d  m a x i m u m  i n  t h e  c y c l o p r o p a n e  i n t e g r a l  e l a s t i c  c r o s s  s e c t i o n .  I t s  i n f l u e n c e  
i s  m u c h  m o r e  r e a d i l y  s e e n  i n  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  a t  8  e V ,  F i g .  2 ,  w h e r e  
i t  p r o d u c e s  o s c i l l a t i o n  a t  i n t e r m e d i a t e  a n g l e s  n o t  s e e n  i n  p r o p e n e ,  a n d  i t  m i g h t  
a l s o  b e  e x p e c t e d  t o  i n f l u e n c e  v i b r a t i o n a l - e x c i t a t i o n  c r o s s  s e c t i o n s .  
F u r t h e r  e x a m p l e s  o f  w o r k  d o n e  i n  t h e  s t a t i c - e x c h a n g e  a p p r o x i m a t i o n  a r e  
g i v e n  i n  F i g .  3 ,  w h e r e  w e  s h o w  m o m e n t u m - t r a n s f e r  c r o s s  s e c t i o n s  f o r  t h r e e  
s p e c i e s  o f  i n t e r e s t  i n  s e m i c o n d u c t o r  m a n u f a c t u r i n g ,  n a m e l y  g e r m a n e  ( G e H 4 ) '  
s i l a n e  ( S i H
4




)  ( W i n s t e a d  a n d  M c K o y  1 9 9 0 ;  W i n s t e a d  e t  
a l .  1 9 9 1 ) .  W h i l e  t h e  s h a p e s  o f  t h e  c r o s s  s e c t i o n s  i n  t h e  e n e r g y  r a n g e  s t u d i e d  
a r e  n o t  e s p e c i a l l y  i n t e r e s t i n g ,  d a t a  o f  t h i s  s o r t  a r e  n o n e t h e l e s s  q u i t e  u s e f u l  i n  
t e c h n o l o g i c a l  a p p l i c a t i o n s  ( a s  d i s c u s s e d  e . g .  i n  H a y a s h i  1 9 8 7 ) .  C o m p a r i s o n  w i t h  
e x p e r i m e n t  ( T a n a k a  e t  a l .  1 9 9 0 )  i s  p o s s i b l e  f o r  s i l a n e ,  a n d  a g r e e m e n t  i s  q u i t e  
g o o d .  A l t h o u g h  a n  e x p e r i m e n t a l  m o m e n t u m - t r a n s f e r  c r o s s  s e c t i o n  f o r  d i s i l a n e  
i s  n o t  a v a i l a b l e ,  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n ,  o n  w h i c h  i t  d e p e n d s ,  h a s  b e e n  
m e a s u r e d  ( T a n a k a  e t  a l .  1 9 8 9 )  a n d  a g r e e s  v e r y  w e l l  w i t h  o u r  c a l c u l a t i o n .  R e c e n t  
e x p e r i m e n t a l  w o r k  o n  g e r m a n e  ( M .  A .  D i l l o n ,  p e r s o n a l  c o m m u n i c a t i o n  1 9 9 0 )  h a s  
i n d i c a t e d  t h a t  t h e  f o r w a r d  s c a t t e r i n g  i s  c o n s i d e r a b l y  s t r o n g e r  t h a n  i n d i c a t e d  b y  
o u r  c a l c u l a t i o n ;  h o w e v e r ,  e v e n  i f  t h i s  i s  t h e  c a s e ,  t h e r e  s h o u l d  b e  l i t t l e  e f f e c t  o n  
t h e  m o m e n t u m - t r a n s f e r  c r o s s  s e c t i o n ,  w h i c h  e m p h a s i s e s  t h e  s c a t t e r i n g  a t  h i g h  
a n g l e s  w h e r e  a g r e e m e n t  i s  m u c h  b e t t e r .  
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Fig. 2. Calculated differential cross sections for scattering of 8 e V electrons by cyclopropane 
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Fig. 3. Theoretical momentum-transfer cross sections for electron collisions with silane (solid 
curve), disilane (short-dashed curve), and germane (long-dashed curve). Experimental values 
for silane (Tanaka et al. 1990) are shown as circles. 
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F i g .  4 .  I n t e g r a l  c r o s s  s e c t i o n  f o r  e l e c t r o n - i m p a c t  e x c i t a t i o n  o f  t h e  a  3 B l
u  
s t a t e  o f  e t h e n e .  
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1 9 7 6 ) ,  n o r m a l i s e d  t o  t h e  c a l c u l a t i o n  a t  t h e  b r o a d  m a x i m u m ,  a r e  s h o w n  b y  t h e  d a s h e d  c u r v e .  
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S c a t t e r i n g  a n g l e  ( d e g . )  
F i g .  5 .  C a l c u l a t e d  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  s c a t t e r i n g  o f  e l e c t r o n s  w h i c h  h a v e  e x c i t e d  
t h e  a  3 B l
u  
t r a n s i t i o n  i n  e t h e n e  a t  1 · 4  e V  ( s o l i d  c u r v e ) ,  3 · 4  e V  ( s h o r t - d a s h e d  c u r v e )  a n d  
6 · 4  e  V  ( l o n g - d a s h e d  c u r v e )  a b o v e  t h r e s h o l d .  
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Collisions leading to excitation or dissociation of the target are naturally of 
particular interest in low-temperature plasma modeling, and we have calculations 
in progress for several systems. Results of recently completed work on the 
(7r -+ 7r*) a 3B1u excitation of ethene (C2H4) are shown in Figs 4 and 5. The 
integral excitation cross section, Fig. 4, rises rapidly to a shoulder at approximately 
1· 4 e V above threshold, which is followed by a broad maximum and a slow 
decline. Fig. 4 includes the excitation function for this transition measured by 
van Veen (1976) using the trapped-electron technique; we have normalised his 
relative measurement to our value at the broad maximum. The experiment 
indicates a narrow feature approximately 1·3 e V above threshold, which van 
Veen has interpreted as a 7r(7r*)2 core-excited shape resonance. Analysis of the 
calculated scattering amplitude indicates that the shoulder at 1· 4 e V is due to 
a sharp maximum in the contribution of the incoming f = 2, m = ±1 partial 
wave, which is not consistent with an interpretation of this feature as a 7r(7r*)2 
resonance. A recent complex-Kohn calculation (Rescigno and Schneider 1992) of 
the same cross section, while showing a sharp structure reminiscent of that in 
the experiment, attributes that structure to the tail of the elastic-channel shape 
resonance. Further work will be needed to clarify the situation. 
Differential cross sections for the a 3B1u excitation are shown in Fig. 5. At 
low energies the cross section is rather isotropic, with some slight enhancement 
in the forward and backward directions. As the energy increases the backward 
peaking characteristic of exchange-mediated excitation processes quickly appears. 
Relevant experimental data (Trajmar et al. 1970) are extremely limited and not 
directly comparable, but are at any rate not inconsistent with the calculated 
results. 
4. Discussion and Conclusion 
The progress that has recently been made in the theoretical study of collisions 
between low-energy electrons and polyatomic molecules is highly encouraging. 
Ab initio calculations at the static-exchange level for small polyatomics are 
fairly routine and provide useful semiquantitative data. With some additional 
numerical effort, it is quite straightforward to include polarisation effects if more 
accurate results are required, at least below the first electronic threshold. Elastic 
scattering studies for systems larger than those discussed above, such as CF4 
and SiF4 , are under way in our group at present; studies of still larger systems 
are quite feasible, although technical improvements to the sequential portion of 
the program (specifically the four-index transformation in the electronic-structure 
package) will eventually be required. 
At the same time, if theory is to be a significant contributor of essential 
collision data, much remains to be done. Calculations of electronic excitation 
cross sections in particular remain scarce. Although such calculations are within 
the capabilities of several current theoretical approaches, including the SMC 
method, and results are beginning to appear with some regularity, experience has 
proven that calculations of inelastic scattering are considerably more demanding 
than calculations of elastic scattering. Special care must be taken in the choice 
of a one-electron basis set and in the representation of the target states, and 
physical insight must usually be applied in choosing which channels are to be 
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i n c l u d e d  i n  a  f e a s i b l e  c a l c u l a t i o n .  J u s t  w h a t  t h e  e s s e n t i a l  i n g r e d i e n t s  o f  a  r e l i a b l e  
c a l c u l a t i o n  a r e  a n d  t o  w h a t  e x t e n t  t h e y  d e p e n d  o n  t h e  n a t u r e  o f  t h e  e x c i t a t i o n  
p r o c e s s  u n d e r  s t u d y  a r e  i n  f a c t  q u e s t i o n s  o n l y  b e g i n n i n g  t o  b e  e x p l o r e d .  T h e  
a v a i l a b i l i t y  o f  e x t r e m e l y  p o w e r f u l ,  r e a s o n a b l y  p r i c e d  p a r a l l e l  c o m p u t e r s  g r e a t l y  
f a c i l i t a t e s  t h e  e x t e n s i v e  a n d  d e t a i l e d  n u m e r i c a l  s t u d y  r e q u i r e d  t o  a d d r e s s  t h e s e  
q u e s t i o n s ,  a s  w e l l  a s  m a k i n g  p o s s i b l e  c a l c u l a t i o n s  w h i c h  w o u l d  n o t  o t h e r w i s e  
h a v e  b e e n  f e a s i b l e  d u e  t o  t h e  s i z e  o f  t h e  b a s i s  s e t  o r  t h e  n u m b e r  o f  c h a n n e l s  
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